This study examines the inclusion of a quaternary ammonium salt, an alkyl-dimethyl-benzyl ammonium chloride (Dodigen), on a green clay to evaluate its performance as an organophilic adsorbent in the oil/water separation process. The samples were characterized by X-Ray Diffraction, Differential Thermal and Thermogravimetric Analyses, Infrared Spectroscopy, Cation Exchange Capacity, Adsorption Capacity and the Foster Swelling test. The results indicated that the quaternary ammonium salts were intercalated between the layers of clay. A 2 2 -factorial design was conducted with three central points in finite bath tests to determine the rate and capacity of oil removal by the organophilic clays. Values as high as 94.54 % of removal efficiency and 37.57 mg/g of removal capacity were reached in the assays, thus indicating that the use of organophilic clay has great potential in the oil/water separation process.
INTRODUCTION
Removal of chemical contaminants from water continues to be a central problem in environmental remediation. In general, there are a limited number of sorbent materials used to extract chemical species from water, notably activated carbon (Bandosz, 2006 ) and, to a lesser extent, molecular sieves (Flanigen et al., 1978) . Activated carbon works effectively in a number of applications, but suffers from a lack of reversibility (Sheintuch and Meytal, 1999), uncertainty when determining whether its full capacity has been reached, and inability to remove highly polar organic species (Sutherland et al., 2004) . As a result, new waterpurification technologies have been proposed towards the development of alternative adsorption methods, such as reverse osmosis, bioremediation, and reactive chemistry. However, there still exists the potential for new methods of adsorption-based remediation using advanced materials ( With the increasing demand for oil and its derivatives, the production of oil-water emulsions starts to be a major problem. This undesirable effluent needs treatment before its final disposal, because of legal requirements for emission to the environment (CONAMA, 2007) and technical requirements for injection into oil wells.
There are currently many applications of organoclays, which can be used as precursors to nanocomposites or as sorbents in pollution prevention and environmental remediation, for example, in the treatment of spills, wastewater and hazardous waste landfills.
In recent years, organoclays have attracted great interest due to their academic and industrial importance (Bergaya and Lagaly, 2001; Ray and Okamoto, 2003) . Organoclays are an important type of modified clay material, which can be synthesized by introducing cationic surfactants such as quaternary ammonium compounds (QACs) into the interlayer space through ion exchange (Soule and Burns, 2001; Chaiko, 2002 The present work has focused on the detailed study of organically modified montmorillonite, obtained by cation exchange from natural montmorillonite. The adsorption properties were tested with gasoline, diesel, kerosene and lubricating oil, and its swelling ability to promote separation of oil-water emulsions was examined.
EXPERIMENTAL

Materials
A green clay, provided by Dolomil (Brazil), was used during the preparation of the organoclays. The sample was sieved according to the Brazilian ABNT standard N o 200 (0.074 mm). The ammonium quaternary salt (alkyl-dimethyl-benzyl ammonium chloride, Dodigen), purchased from Clariant, was used as surfactant. Its general structure is [(CH3)2(CH2C6H5)R N+] Cl-,comprising a mixture of structures in the following composition, according to the nature of the R group: ~ 2 % C10; ~ 50 % C12; ~ 24 % C14; ~ 13 % C18; ~ 11 % C16.
Preparation of the Samples
The method used involves cation exchange reactions, and was carried out in order to obtain the organoclays. It is based on a conventional method, reported by Valenzuela-Diaz (1994), which initially involves the dispersion of the clay (4 % in weight) in distilled water under agitation for 20 minutes. The sample is then allowed to settle for 24 hours, after which 9.8 g of the ammonium quaternary salt are added to the dispersion, which is stirred for a further 20 minutes. After another 24-hour settling period, the solid sediments are filtered out, dried at (60 ± 5) C for 48 hours and sieved in an ABNT N 200 (0.074 mm) sieve. The methodology used in this work has been adapted from the conventional one, by reducing the preparation time to one day, since the steps comprising the 24-hour settling periods, namely that after the clay dispersion in water and that after the addition of 9.8 g of ammonium quaternary salt, are not performed. This second procedure was called the "direct method", and was based on the works by Pereira (2003).
Characterization of the Samples
X-Ray Diffraction (XRD): the powder method was used, whereby the samples were sieved in an ABNT N o 200 (0.074 mm) sieve and then placed in an aluminum sample door for X-ray diffraction, using a Shimadzu XRD 6000 equipment. Operational details of the technique have been set as follows: Copper Kα radiation at 40 KV/30 mA, with a goniometer velocity of 2/min and a step of 0.02 in the range of 2θ scanning from 2º to 45º. The only d-spacings of interest in the X-ray patterns were the basal spacing along the c axis.
Infrared Spectroscopy (IR): the organoclays obtained by two different methods were sieved (ABNT N o 200) and then submitted to a physical treatment as in the KBr method, which consists in mixing 0.007 g of the sample and 0.1 g of KBr, grinding and pressing the solid mixture to 5 ton during 30 s in order to form a pastille that allows the passage of light. The characterization was realized using an infrared spectrophotometer AVATAR TM 360 FT-IR E.S.P., with wavelengths ranging between 4000 to 400 cm .
Differential Thermal and Thermogravimetric Analyses (DTA / TG):
Thermal analysis was performed using TA instruments operating at a ramp of 10 °C/min from room temperature up to 1000 °C.
The Foster Swelling Test:
This technique is employed to carry out studies on the compatibility of specific organoclays and clays that were obtained after the modification with ammonium quaternary salt with some different organic liquids. This method was measured following a method based on the "Standard Test Method for Swell Index of Clay Mineral Component of Geosynthetic Clay Liners" (ASTM D 5890-95). The organic solvents for the study of the swelling phenomena were: gasoline (Petrobras), diesel oil (Petrobras), kerosene (Ares) and lubricating oil (Lubrax MG1). The test consisted in adding 1 g of the powder sample to 50 mL of solvent in a test tube. After 24 hours of rest, the reading of the clay column volume (swelling of the clay without agitation) was registered. Afterwards, the content of the test tub was stirred with a glass stick during 5 minutes and, after a further 24-hour settling period, a new reading of the clay column volume (swelling of the clay with agitation) was taken. The following parameters have been fixed for the interpretation of the test (Pereira et al., 2005): non-swelling (minor or equal to 2 mL/g of clay), low swelling (between 3 and 5 mL/g of clay), intermediate swelling (between 6 and 8 mL/g of clay) and high swelling (more than 8 mL/g of clay).
Adsorption Capacity: The gasoline (Petrobras), diesel (Petrobras), kerosene (Ares) and lubricating oil (Lubrax MG1) sorption capacity was measured following a method based on the "Standard Methods of Testing Sorbent Performance of Adsorbents" (ASTM F716-82 and ASTM F 726-99). In this method, the adsorbent sample is weighed (minimum 1 g), and the exact value is recorded. The test cell is filled with an initial layer of test liquid. The adsorbent is placed in a basket (a 200-mesh stainless steel basket), which is then lowered into the test cell. The adsorbent should be allowed to float freely within the test cell. After 15 minutes ± 0.33 minute, the basket with the adsorbent is removed manually in a vertical direction and allowed to drain for 15 seconds ± 3 seconds. A tared weighing support is placed under the adsorbent sample/mesh basket set to catch any additional drips and the entire system is weighed. All tests were conducted in duplicate with a minimum of two runs used for calculations. Based on the data obtained, the amount of adsorbed oil was calculated as a weight ratio of adsorbed oil to dry adsorbent. The adsorption capacity is then obtained with Equation 1, referring to the adsorption efficiency (A d ) of the adsorbent tested, in percentage. In the equation, P 1 is the mass of material after adsorption and P 2 is the mass of dry adsorbent material, both in grams. The results of the adsorption capacity can also be reported in grams of solvent adsorbed per gram of clay.
Factorial experimental design
A factorial design was proposed with three factors aiming to analyze the influence of initial oil concentration in aqueous solution (C 0 ) on the separation of oil-water emulsions. The variables obtained from this study were: the total oil removal percentage (%Rem) and the capacity of oil removal at equilibrium.
The design included four assays at the coordinated points (x i = ± 1) for both factors (corresponding to the factorial part), and three repeated tests at the central point (x i = 0), corresponding to average values between the variables' lower and upper levels, accounting for eleven tests. Repetitions at the central point have the purpose of supplying a value of pure error and stabilizing the variance of forecasted results.
The analysis of variance was originated by the ANOVA with software Minitab 15.0 and was used as a basis for the interpretation of results obtained experimentally. The values for levels (+) and (-) are shown in Table 1 , where C 0 is the initial concentration of the oil solution (water/oil emulsion) and A refers to the mechanical agitation. These levels are quantitatively indicated in Section 2.5.
Finite bath tests
The experiments were performed simultaneously, by mixing 0.5 g of clay with a 50-mL water/oil emulsion (LUBRAX MG1) with concentrations of 100, 300 and 500 mg/L. These numbers refer to the content of oil in each sample. The mixture (oil/water emulsion + clay) was kept under mechanical agitation from 100 to 200 rpm for 6 hours to ensure the balance of the system (Curbelo, 2002) . Similarly, the process without agitation was carried out.
Oil-water separation test:
The concentration of oil present in the aqueous phase was determined by analysis of absorbance using a UV-visible spectrophotometer. Initially, a calibration curve of Determination of the amount of oil: The total oil removal percentage (%Rem) and the capacity of oil removal at equilibrium (q eq , in mg of oil/g of adsorbent) can be obtained with Equations 2 and 3, respectively:
where: C 0 is the initial concentration of the oil solution (water/oil emulsion), in mg/L; C eq is the final concentration of the solution (water/oil emulsion), in mg/L; V is the volume of adsorbate, in mL; and m is the mass of adsorbent, in g.
It is possible to determine the amount of adsorbed oil, expressed in mg of aqueous solution per gram of solid adsorbent, by means of a relatively simple calculation, as in Equation 3. When the modifying substance is not able to penetrate into the interlayer space, the value of d 001 does not change. Such a situation could be observed, for example when attempting to use fatty acids (stearic or 9-octadecenoic acids) in the modification procedure. The fatty acids molecules covered only the surface of montmorillonite and did not penetrate into the interlayer space (Khalil and Abdelhakim, 2002). In Figures 3 and 4 , infrared spectra are shown for untreated green clay and green clay treated with Dodigen. It can be observed that the 3626 cm The results of the differential thermal analysis are shown in Figure 5 for both natural and treated samples. For the natural, untreated sample, an endothermic peak is observed between 34 C and 140 C, with the loss of free water. This change is due to water being intercalated and adsorbed by clay minerals. Another endothermic peak has also been detected between 250 °C and 400 °C, which has been attributed to elimination of water molecules that were coordinated with the cations, thereby causing the formation of the cation basis. As for the green organophilic clay, an exothermic peak, attributed to the decomposition of salt, is seen between 272 C and 330 C. Interestingly, its curve exhibits endo-exo peaks in the range of 410 °C to 800 °C, referring to dehydroxylation of the organoclay and secondary combustion of carbonaceous residues from prior burning (Sora et  al., 2005) . The thermogravimetric analyses (TG) for the untreated green clay and gray organoclay are shown in Figure 6 . For the untreated clay, the total weight loss of adsorption water was 16.59 %; for the green clay treated with Dodigen, this value was as high as 30.37 %.
RESULTS AND DISCUSSION
The study on the adsorption of organic compounds was based on the "Standard Methods of Testing Sorbent Performance of Adsorbents" (ASTM F716-82 and ASTM F 726-99) . The experimental results of the adsorption capacity of natural green clay and green organophilic clay are shown in Figure 7 . The order of organoclay adsorption capacity was gasoline  diesel  lubricating oil  kerosene.
From these results, it is possible to suggest that organophilic clays have better adsorption capacity in all solvents when compared with natural green clay. The order of natural clay adsorption capacity was kerosene  diesel  lubricating oil  gasoline.
The adsorption values were between 0.92 to 1.98 g hydrocarbon/g natural clay. The extent of adsorption of gasoline by the organoclay was approximately equal to six times its weight, and that of lubricating oil was equal to about 3.5 times the weight of adsorbent. This organoclay may then be used as adsorbent material for hydrocarbons. Table 2 shows the results of the Foster swelling tests performed with the green clay treated with Dodigen. In these assays, all samples were allowed to interact with different organic solvents. It was noticed that the treated sample presented a high swelling capacity (with agitation and without agitation) when tested in gasoline. On the other hand, when inserted in diesel oil without agitation, the treated samples presented intermediate swelling capacity, but when the assay was performed under agitation, the swelling capacity was high. When inserted in kerosene, the samples presented low swelling, both without and with agitation. No swelling was observed with the lubricating oil. This behavior can be possibly explained because there was no change in the column volume.
Overall, the results of Foster swelling test with agitation showed better results than without agitation. The data clearly illustrate the hydrophobicity of the green organoclay, showing that the organoclay has a great potential in the oil/water separation process. This effect is partially explained by the chemical structure of gasoline, which is a liquid fuel obtained by refining oil, consisting essentially of a mixture of light hydrocarbons ( The results obtained for the percentage of oil removal and the removal capacity are presented in Table 3 . This study was carried out by means of a 2 2 -factorial planning for the system used to remove oil from synthetic effluents with clays treated with Dodigen. All abbreviations shown in Table 2 have been explained in previous sections. In particular, C 0-calc refers to the theoretical initial concentration of oil in the emulsion and C 0-exp is the actual initial concentration.
The results shown in the "oil" (ppm) column are calculated as reported in section 2.5. Assay 2 provided the best result, reaching a total oil removal percentage as high as 95.03 %. It was also observed that, in terms of the capacity of oil removal at equilibrium (q eq ), the best results were obtained in assays carried out under higher oil concentrations, the best result being again that of assay 2, with the removal of 48.65 mg of oil for every gram of green clay.
Solvents
Montmorillonite, hectorite and saponite are the most commonly used layered silicates. These types of clay are characterized by a moderately negative surface charge (known as the cation exchange capacity, CEC, and expressed in miliequivalent/100 g, or meq/100 g). The charge of the layer is not locally constant as it varies from layer to layer, and must rather be considered as an average value over the whole crystal. Proportionally, even if a small part of the charge balancing cations is located on the external crystallite surface, the majority of these exchangeable cations is located inside the galleries. When the hydrated cations are ionexchanged with organic cations such as more bulky alkylammonium groups, it usually results in a larger interlayer spacing (Lagaly, 1986) . Organoclays consist of bentonite that has been modified with quaternary amine cations. The positively charged nitrogen cation exchanges with sodium and calcium ions on the clay surface (Mortland, 1970) . This exchange provides an organophilic material, that does not swell in water, but swells in hydrocarbon fluids such as kerosene, diesel fuel and similar mixtures. The quaternary amine chains extend away from the clay surface into the water (Mortland, 1986). The amine chain then becomes neutral because the cation is attached to the clay surface, rendering the entire system into a nonionic organoclay. This chemical modification allows it to function as a non-ionic surfactant which removes oil and other organic compounds of low polarity via partition phenomena (Smith and Jaffe, 1994).
CONCLUSIONS
In this study, the removal of oil was investigated using clay treated with an ammonium quaternary salt (alkyl-dimethyl-benzyl ammonium chloride, or Dodigen). The changes in the basal spacing indicated in the XRD patterns suggested a formation of bilayer of quaternary ammonium chlorides in the interlayer space. The presence of the quaternary ammonium chlorides in the interlayer space was also confirmed independently by FTIR, and was manifested by the appearance of bands corresponding to C-C stretching and C-H vibrations. The Foster swelling test results indicated that the affinity of Dodigen with the treated clay in all organic solvents tested (gasoline, diesel, kerosene and lubricating oil) was high, both without and with agitation. Total oil removal percentages as high as 95.03 % could be obtained, when the initial solution (water/oil emulsion) concentration was used on its higher level (500 
